Abstract. The Lo River fault near Tam Dao, North Vietnam, is a young, right-lateral, normal fault which has been active throughout the Quaternary. Rates of dextral slip range between 1 and 2 mm/yr whereas rates of uplift can be estimated roughly at 0.1-1 mm/yr. The drainage deflection and arrangement of shutter ridges suggest 1.5-2.0 km of dextral offset during the past 1-2 millions of years (m. y.), and the height of the youngest faceted spurs averages at 170 m. Analysis of morphometric parametres of the mountain front at Tam Dao indicates that this segment shows properties typical for nearly rectilinear, young normal scarps that belong to class I or II of relative tectonic activity and that are capable of generating strong earthquakes in the future.
Introduction
The Red River Fault Zone (RRFZ) in Yunnan and North Vietnam, up to a dozen or so kilometres wide, is one of the main strike-slip fault zones in SE Asia that separates the South China and Indochina blocks (Fig. 1) . The hitherto conducted studies suggest that it represents a large-scale shear zone formed in two phases: (1) during the left-lateral ductile shear active in 27-16 Ma (culminating between 21-16 Ma, followed by an uplift and exhumation of crustal rocks from a depth of ca. 20-25 km), and (2) as a right-lateral, primary brittle shear active in ca. 5.5 Ma (Allen et al., 1984; Tapponnier et al., 1990; Lacassin et al., 1993; Leloup et al., 1995; and references therein) . However, recent fission-track studies indicate that the main period of ductile deformation in the RRFZ was finished by 25 Ma (Anczkiewicz et al., 2000) . The scale of sinistral offset has been estimated at 550-900 km (Leloup et al., 1995) , and that of a young dextral one has been estimated at a few metres to 5.5 km and even 20-30 km (Allen et al., 1984; .
Correspondence to: W. A. Zuchiewicz (witold@ing.uj.edu.pl)
In North Vietnam, the RRFZ is subdivided into three principal branches, up to 300 km long, orientated roughly NW-SE and named, from the NE to SW, the Lo River, Chay River, and Red River faults (Figs. 2a and 3) . These are primary dextral and dextral-normal faults that show the southeastwardincreasing component of normal slip . Between the Lo and Chay River faults, recently growing anticlines, orientated WNW-ESE and W-E, have been found (Lacassin et al., 1994) .
Neither in the Yunnan Province, nor in the North Vietnamese segment of the RRFZ, have earthquakes of M > 5.5 been recorded ( Fig. 3 ; Allen et al., 1984; Lap, 1989 Lap, , 1991 . This may point to either a long recurrence interval of strong earthquakes in this zone (Allen et al., 1984 ) and a presentday locking of the fault at a depth of 5-20 km (Cong and Feigl, 1999) , or the predominance of fault creep mechanism in Pliocene-Quaternary times (Cuong et al., 1999) . The hitherto conducted analyses of kinematic indicators found at exposures of Neogene conglomerates located in the SW limb of the Lo River fault (Cuong et al., 1999) , indicating that small-scale tectonic structures originated during a few phases of brittle deformation, alternately extensional and compressional ones, the last one being compatible with dextral sense of movements along this zone. Moreover, the lack of fractured pebbles in Quaternary paraconglomerates in the RRFZ appears to suggest that fault creep must have been a dominating mechanism in the youngest stage of development of the area.
The aim of our study is to review all the available pieces of evidence in favour of young, right-lateral-normal slip in the SE portion of the RRFZ. Our research consists of field morphostructural and purely structural studies, as well as an analysis of the existing aerial photographs and topographic maps. A segment of the Lo River fault near Tam Dao has been selected as a test area (Fig. 2b) , as it represents a prominent fault scarp that shows both strike-slip and strong normal components of motion. Moreover, this scarp has never been studied in detail. Tapponnier et al., 1982; Huchon et al., 1994) . DB-Dien Bien Phu fault.
Morphotectonic setting
Morphotectonic features of the RRFZ in the Yunnan Province of China have been dealt with extensively by Allen et al. (1984) and recently by Weldon et al. (1994) , whereas for the Vietnamese segment of this zone, only a few review and preliminary reports are available (i.e. Winter and Costaz, 1993; Lacassin et al., 1994; Cuong et al., 1999) .
Indicators of the right-lateral slip, particularly well visible along some traces of the Chay River (north of Yen Bai) and Red River fault (Cam Duong, Trai Hut) segments are: drainage deflection (from 10-50 m to 2500 m), beheaded streams, shutter ridges, en echelon orientated minor fault and fault-line scarps, displaced terraces and alluvial fans, rectilinear fault valleys, and long rectilinear fault scarps with reliefs not exceeding 30-50 m (Cuong et al., 1999) . The amounts of right-lateral offset deduced from deflected drainage patterns and shown in Fig. 2a , are also portrayed in Fig. 4 . Discrete figures obtained for 8-10 km to 20-25 km long fault segments range from 500 to 3000 m; the cumulative offset amounting to 4-10 km and varying in individual RRFZ branches.
Morphotectonic indicators of predominantly normal slip in the SE segments of the Red River, Chay River and Lo River fault branches include: well developed triangular facets, the ubiquitous occurrence of overhanging wine-glass A -the basin area, L -the maximum basin length, AR -the area of the basin to the right (facing downstream) of the trunk stream, Re -the basin elongation ratio, Re = (2
√ π)/L; AF -the asymmetry factor; AF = 100(AR/A); the AF is sensitive to tilting perpendicular to the main channel in a basin; AF < 50 or AF > 50 may suggest tilt; T -the transverse topographic symmetry factor; T = D a /D d , where D a is the distance from the midline of the drainage basin to midline of the active channel or meander belt, and D d is the distance from the basin midline to the basin divide; for perfectly symmetric basins T = 0; as asymmetry increases, T increases and approaches a value of 1.0.
(hour-glass) valleys, and rectilinear fault scarps at the foot of mountain fronts, frequently accompanied by associated halfgrabens and minor horsts (Cuong et al., 1999) . The most spectacular example of such features is provided by a fragment of the Lo River fault near Tam Dao.
Morphotectonic indices
Analysis of some morphometric parametres indicates that the Tam Dao scarp, although developed in a subtropical monsoon climate, shows properties typical for nearly rectilinear, young normal fault scarps, described from the desert areas of Nevada and California (Bull, 1977 (Bull, , 1978 .
The mountain front sinuosity index (Smf ), (Bull, 1977 (Bull, , 1978 ) is calculated as a ratio of the length of the mountain front measured along the foot of the mountain at the pronounced break of the slope (Lmf ) to the straight line length of the mountain front (Ls):
Mountain fronts associated with active uplift are relatively straight, with low values of (Smf ), which in arid areas of the Basin and Range Province, range between 1.0 and 1.6. For slightly active and inactive regions, the Smf values tend to be between 1.4-3.0 and 1.8 to > 5, respectively. Values calculated for the Tam Dao mountain front (Fig. 9) vary from 1.04 to 1.16. These figures, even corrected for resistance contrast of bedrock rocks on either side of the Lo River fault, point to a relatively high activity of recent uplift. The same conclusion comes from an analysis of other morphometric indices, including the valley floor width and valley height ratios (Bull, 1977 (Bull, , 1978 Bull and McFadden, 1977) , showing abnormally low values for valleys that truncate the Tam Dao mountain front. This parameter is calculated as:
where Vf w is the width of the valley floor, Eld and Erd are the elevations of the left and right valley divides, respectively, and Esc is the elevation of the valley floor. This index differentiates between broad-floored valleys, with relatively high values of Vf , and V-shaped canyons with relatively low values. Low values of Vf reflect deep valleys of actively incising streams, commonly associated with uplift (Keller and Pinter, 1996) . The figures quoted by Bull and McFadden (1977) 
Tam Dao scarp: a normal right-lateral segment of the Lo River Fault
The Lo River fault is divided into three en echelon arranged segments (Fig. 2a) , striking roughly NW and showing variable amounts of right-lateral offset in the drainage pattern. These are, from the NW direction, the Thac Dal -Nac Yem, Lang The -Tuyen Quang, and Tam Dao segments (Winter and Costaz, 1993) . The area chosen for a detailed study includes the Tam Dao mountain front, rising 1200-1300 m a.s.l. and built up of middle Triassic (Anisian) rhyolites and rhyolitic porphyrites. This massif is cut on the SW by a narrow graben filled with upper Triassic strata of the Van Lang suite, composed of shales, sandstones, conglomerates and some limestone intercalations, unconformably covered by a thin veneer of fluvial and proluvial Quaternary sediments (Fig. 2b) . Farther southwestwards, a horst built up of middle Cambrian phyllites, quartzites and oolithic limestones of the Hagiang Formation occurs (Tri, 1973; Tri et al., 1979) .
The orientation of the Tam Dao fault scarp is from N42 • W to N29 • W, with its length near Tam Dao reaching some 20 km (Fig. 5) . The scarp rises from nearly 150-200 m to 1200 m above the alluvial plain (from SE to NW) and its relief decreasing markedly towards the SE, as shown by a sequence of topographic cross-profiles drawn every 1 km through the Tam Dao mountain front (Fig. 6) . The ridge crest long profile is not uniform, dropping by some 250-300 m, in a zigzag-like pattern, in the highest elevated part (Fig. 7) , probably due to bedrock-controlled erosion. In the middle part of the mountain front, a few breaks of slope are clearly marked at elevations diminishing southeastwards, from 850 to 90 m. These breaks coincide at places with secondary faults parallel to the Lo River fault which cuts the mountain front in the south-west (Fig. 8) . Along the latter, a spectacular basal scarp of variable height (averaging at 170 m) is found. The scarp attains the highest relief in the medial sector of the studied fault segment (Figs. 7, 8a and 8d) .
The Tam Dao mountain front is deeply dissected by Vshaped valleys and gullies of relief exceeding at places 550 m. These valleys form a dendritic pattern and belong to several long and narrow, usually symmetric, drainage basins. The asymmetry factor AF (Hare and Gardner, 1985) does not differ much from 50, showing that the basins have not been tilted, and the transverse topographic symmetry factor values T (Cox, 1994 ) range between 0.21 and 0.32, i.e. typically for nearly symmetric basins (Table 2) This segment of the Lo River fault also displays a strikeslip component of motion. Judging from the presence of shutter ridges at the foot of the scarp and drainage deflection (Figs. 5 and 8f) , the young, right-lateral component of slip does not exceed 1500-2000 m. The shutter ridges rise 20-35 m above the surrounding alluvial plain and their lengths rarely exceed 1 km. Drainage deflection is clearly marked at the foot of the main fault scarp, as well as along the subsidiary faults that parallel the Lo River fault in the south-west (Fig. 5) .
The basin elongation ratio (Bull and McFadden, 1977) is one of the proxy indicators of recent tectonic activity. This parameter (Re) is calculated as a ratio of the drainage basin area (A) to the maximum basin length (L), i.e. the distance between the two most distant points in the drainage basin:
Drainage basins in arid and semiarid climates tend to show Re values ranging from < 0.50, through 0.50-0.75 to > 0.75 for tectonically active, slightly active and inactive settings, respectively. The Re values have been calculated for six small drainage basins located on the SW slope of the Tam Dao mountain front ( Fig. 5a to 5f ). These figures range from 0.496 to 0.725, pointing to a slightly active uplift of the footwall of the Lo River fault in this segment (Table 2 ). All these morphometric data (Figs. 9 and 10) enable us to consider the Tam Dao fault scarp as one that belongs to the class I or II of relative tectonic activity (Bull, 1978) , and is capable of producing strong earthquakes in the future. Boundary values of these classes have been obtained in arid and semiarid areas of recently active extensional settings of the Basin and Range Province. It could be expected that analogous figures calculated for an area of an entirely different subtropical monsoon climate of SE Asia should be different. On the contrary, it turned out that the freshness of tectonic landforms indicates relatively high rates of displacement results in morphometric properties which are very similar to those of the Basin and Range Province. These rates, confirmed by the results of geodetic measurements, will be discussed at large in the following section.
Discussion
Estimation of the rate of uplift and strike-slip motion along the Tam Dao segment of the Lo River fault is difficult at this stage of study, due to poor age control of the displaced Neogene and Quaternary strata. Fast uplift of the Tam Dao region has already been suggested by Lacassin et al. (1994) and , without quoting any rates. Taking into account the heights of the lowest fault scarp and the highest mountain crest (Figs. 6 and 7) , however, one can hypothesize about their possible age by applying different rates of uplift suggested by recent geodetic surveys (Table 3) . Repeated precise levelling in the years between 1963 -1985 (To and Yem, 1991 indicates that present-day vertical crustal motions in the SE segment of the RRFZ range from +1 mm/yr close to Viet Tri to −2 mm/yr SE of Hanoi. On the other hand, a recent GPS study reveals no significant motions across the fault zone that would exceed 0.3 µrad/yr (Cong and Feigl, 1999) . Therefore, rates ranging from 0.1 to 1 mm/yr appear to be plausible estimates (Table 3) . A word of caution should be added, since we have no substantial reason to assume that such rates have been constant through time. By taking the The amount of right-lateral slip deduced from the drainage deflection of streams dissecting the Lo River fault at the foot of the Tam Dao scarp ranges from 1500 to 2000 m. The exact age of this displacement is difficult to assess due to the lack of dating of Quaternary fluvial sediments. The nearest area where the Holocene right-lateral displacement of 30 m has been documented is the Thac Ba dam on the Chay River fault (Pho et al., 1999; also Fig. 2a) . Taking this figure as a proxy for young dextral motions in the SE segment of the RRFZ, we obtain a 3 mm/yr rate of recent strike-slip movements and a 500-670 ka age of displacement on the Tam Dao scarp. GPS surveys indicate the rates of slip ranging between 1 and 5 mm/yr (Cong and Feigl, 1999) in this region, whereas displaced geomorphic markers in the Yunnan segment of the RRFZ suggest fault-slip rates of 2 to 5 mm/yr (Allen et al., 1984) , with a most likely value being 2 mm/yr (Weldon et al., 1994) . The Chay River fault is the fastest slipping strike-slip fault of the RRFZ; hence, a more plausible estimate for the Quaternary rates of the Lo River fault near Tam Dao would be 1-2 mm/yr. In such a case, the age of displacement in this fault segment could be put into a 1-2 Ma interval. On the other hand, Winter and Costaz (1993) concluded that about a 5-7 km right-lateral ridge displacement along the whole Tam Dao segment of the Lo River fault exists, which would imply the onset of displacement at 3.5 or even 7 Ma. These figures should, however, be treated with utmost caution until we obtain reliable age estimations. 
Conclusions
The Tam Dao segment of the Lo River fault is an oblique active fault showing 1-2 mm/yr rates of dextral slip and at least a 0.1 mm/yr rate of uplift during the past 1-2 Ma and 1.7 Ma, respectively. Analysis of some morphometric parametres indicates that the Tam Dao scarp, although developed in a subtropical monsoon climate, has properties typical for nearly rectilinear, young normal fault scarps, described from the desert areas of Nevada and California. For instance, the mountain front sinuosity index varies from 1.04 to 1.16. These figures, although corrected for resistance contrast of bedrock rocks on either side of the fault, point to a relatively high activity of recent uplift. The same conclusion comes from an analysis of other morphometric indices, including the valley floor width/valley height ratios or basin elongation ratios, showing abnormally low values for valleys that truncate the studied mountain front. These data enable us to consider the Tam Dao fault scarp as one that belongs to the class I or II of relative tectonic activity, and is capable of producing strong earthquakes in the future.
